. Genetic effects of kangaroo harvesting. Australian Mammalogy 26: 75-86. There is concern that the commercial harvest of kangaroos (Macropus spp.) is affecting species fitness and evolutionary potential because the harvest selects for larger individuals, particularly males. This paper reviews the likely effect of selective harvesting on specific traits associated with fitness, including size, and on adaptive genotypes through generalised loss of gene diversity. Heritability for traits associated with fitness is low generally. The intensity of selection imposed by harvesting is low for several reasons: the geographic size of genetic populations is much larger than the harvest localities, which are therefore not closed but open with immigration acting to correct any change in allele frequencies through harvesting; the harvest targets kangaroos above a threshold weight that includes all adult males, not the largest males specifically; larger, older males may not confer significant fitness benefits on offspring; fitness traits are inherited through both sexes while males are targeted predominantly; populations are not at a selective equilibrium because food availability fluctuates, and the fittest is unlikely to be the largest. Comparisons of harvested and unharvested populations do not show any loss of gene diversity as a result of harvesting. The likelihood of a long-term genetic impact of kangaroo harvesting as currently practiced is negligible.
CONCERNS about the effect of harvesting on the genetics of large kangaroos Macropus spp. (Croft 2000) derive from the selective nature of the commercial harvest for larger individuals, males predominantly (Pople 1996; Pople and Grigg 1999) . The concern is that larger kangaroos, in particular the older males, may be better adapted and fitter (in producing more viable offspring), because they have survived viability selection for longer. A selective harvest targeting large individuals might result in genetic changes at loci that influence particular traits associated with fitness. The removal of larger and possibly better-adapted males from populations might allow smaller, less well-adapted males more opportunities to mate due to reduced competition. Specific alleles at gene loci could be lost through selection for small sized individuals. An example cited in support of this concern is the increased frequency of tusklessness in female African elephants (Loxodonta africana), from 10.5% in 1969 to 38.2% in 1989 38.2% in (Jachmann et al. 1995 , attributed to trophy hunting and poaching. Concerns that harvesting of moose (Alces alces) with large antlers will lead to changes in frequencies of alleles controlling antler growth have prompted harvest strategies that select for a larger range of phenotypes (Hundertmark et al. 1993) . Where gillnetting is used to catch wild fish, larger fish are caught selectively and the phenotype of some species appears to have changed towards early maturity (Law 2000) , findings supported by computer simulations (Law 2000; Ratner and Lande 2001) . These changes in phenotype are likely to be correlated with changes in allele frequencies, but permanent loss of alleles from populations is unlikely.
A general loss of 'adaptive genotypes' through harvesting is another concern (Croft 2000) . Populations or species with higher gene diversity are able to express a larger range of phenotypes and are considered able to respond to variation in selective pressures, for example climate fluctuation altering food availability (Cook and Callow 1999) . The term 'adaptive genotypes' is considered synonymous with the term 'evolutionary potential' (Moritz 1994 (Moritz , 1999 Crandall et al. 2000) , which is argued to be higher in species or populations with high gene diversity.
Four species of large kangaroos are harvested; the red kangaroo (Macropus rufus), the eastern grey kangaroo (Macropus giganteus), the western grey kangaroo (Macropus fuliginosus) and the common wallaroo (Macropus robustus). In this paper the possibility of selection for less fit genotypes and loss of gene diversity through selective harvesting is discussed in the context of aspects of kangaroo life histories and population dynamics such as size at maturity, growth rate, dispersal, ranges of populations, sizes of populations and the selective effect of climate fluctuation. Aspects of the harvest that have a bearing on intensity of selection, such as the proportion of populations harvested and the area over which they are harvested, will also be discussed.
HERITABILITY AND INTENSITY OF SELECTION
Heritability of traits associated with fitness is generally low (Falconer and McKay 1996; Law 2000) . Life history traits or characters traits can be considered components of fitness and have heritabilities of around 0.26 (Mousseau and Roff 1987) . Heritabilities for body size in wild fish approximate those found under artificial selection in the laboratory, at 0. 25 -0.3 (Law 2000) . Stature in humans and weight in cattle have heritabilities of about 0.6 (Falconer and McKay 1996) . Heritability will be lower where there is large variance in the phenotype due to environmental effects.
The heritability of a trait (h 2 ) will depend upon interactions between underlying genetic and environmental determinants (Falconer and McKay 1996) . Maximum body weights (MBW) for male and female M. rufus vary among localities ( Fig. 1) when animals of the same age (as estimated by the extent of molar progression) are compared (Pople 1996) . Fully grown adult males in the Blackall region MBW, 52 kg, are similar in size to those at Currawinya National Park (NP), 52 kg, and Bladensberg NP, 53 kg. Those at Julia Creek, 72 kg, Mulyungarie, 65 kg, and Bulgunnia, 78 kg, are markedly larger. For females the differences follow the same trend but are not as marked (Pople 1996) . Considered in the context of results for genetic population structure (see below), these results suggest a large phenotypic variance rather than genetic variance in maximum body weight, perhaps due to differences in growth rate amongst localities resulting from variation in food availability. The results also suggest that heritability for size in kangaroos is low.
The difference in size between the sexes, sexual dimorphism, is the result of the effects of genes controlling growth that are sex-linked (Badyaev 2002) . In large terrestrial mammals that are herbivorous, sexual dimorphism is the result of extended growth duration in males rather than a difference in growth rate. Pople (1996) studied the relationship between age and growth in M. rufus, showing that the difference in size of males compared to females was a difference in growth duration rather than rate. The response to selection (R) is the difference in mean phenotypic value between the offspring of the parents selected and the whole of the parental generation before selection. The measure of selection is the selection differential (S), the mean phenotypic value of the parents expressed as a deviation from the population mean phenotypic value (Falconer and McKay 1996) ; R = h 2 S. The selection differential for a trait is related to the intensity of selection, i, such that S = iσ P , where σ P is the standard deviation of a trait in the population. i = z / p, where z is the height of the ordinate at the point of truncation on the (normal) distribution for the trait, and p is the proportion of the population selected. If there is a large genetic variance in the value of a metric trait (such as size) and only those individuals of the largest size are selected, then i will be higher.
In wildlife harvesting the intensity of selection that is exerted on a population will be influenced by:
• Whether the population under selection (harvest) is open or closed. If the harvest locality includes an entire population, with no immigration from unharvested areas, then i on the population will be higher than if it is open.
• The reproductive success of the group that is selected for or against. If older, larger males are fitter then intensity of selection i for fitness will be higher if this group is targeted specifically, and lower if larger males are not targeted specifically.
• Whether the population is at selective equilibrium. Compared to domestic livestock, natural populations are not at a selective equilibrium due to environmental variation, and the phenotype that is the fittest under different conditions may vary.
• The mode of inheritance of the trait. Aspects of growth relating to body size and other components of fitness are inherited through both sexes (Badyaev 2002) . i will be less if the harvest targets one sex and the trait is inherited through both sexes.
• Whether the population is age-structured. With overlapping generations, the degree of expression of a rait may differ within populations due to age differences, then i will be lower.
The effect of selection is to change the frequencies of alleles at genetic loci. A metric trait such as size is likely to be the result of expression of a number of correlated loci where none show dominance, each locus comprising numerous alleles, the frequencies of which are the result of balancing selection, a form of stabilising selection. These frequencies change slowly, even under intense selection, unless there are alleles with large effects (Falconer and McKay 1996) . Many traits associated with fitness are likely to be controlled by this type of mechanism (Kimura 1983; Cook and Callow 1999) . For example, Speare et al. (1989) reviewed the diseases of free-ranging Macropodoidea and identified classes of immune response similar to those found in eutherian mammals. The genetic structure of the immune system in marsupials (Slade et al. 1993 ) appears similar to that of eutherian mammals. There is evidence that the immune system in eutherian mammals is subject to overdominant selection (a type of balancing selection), where the heterozygous state of a gene confers the highest fitness. This is inferred from the presence in the immune system of numerous gene families, many genes and a high degree of allelic polymorphism within genes. There is direct supporting evidence; at the antigen recognition site of molecules in the major histocompatibility complex, the rate of nonsynonymous base substitutions is greater than the rate of synonymous substitutions (Hughes and Nei 1988; Hughes and Yeager 1998; Nei and Kumar 2000) , a finding that gives credence to the 'selectionist' theory over the 'neutralist' theory of molecular evolution. Neutralists argue that heterozygosity is the result of mutation / drift equilibrium while selectionists argue that heterozygosity is maintained by balancing selection. Reality is most likely somewhere in between (see Cook and Callow 1999) .
Populations must be reduced to low numbers before alleles under balancing selection are lost through fixation (Lacy 1987) . Allelic composition (gene diversity) is likely to be maintained in populations with as few as 500 breeding individuals, although frequencies of alleles will change if particular traits are selected for or against. If the selective pressure is removed before allelic variation is lost through fixation, allele frequencies will return to their equilibrium values through natural selection. The mean phenotype for the trait will return to its original value (Falconer and McKay 1996) . For example, in L. africana, if the increase in the frequency of tuskless females were the result of hunting, equilibrium (pre-hunting) frequencies would return after cessation of this selective pressure (Jachmann et al. 1995) .
NATURAL SELECTION IN KANGAROOS
Kangaroo populations are in a state of dynamic equilibrium as a result of the variable Australian climate, and there is high mortality from drought (Pople and Grigg 1999) . Allele frequencies in populations will fluctuate as a result of viability selection under different climatic conditions. Disease outbreaks often occur with the flooding rains that follow drought (Speare et al. 1989 (Speare et al. , 1990 , providing a further selective mechanism. Drought can result in the loss of more than half the population (Caughley et al. 1985; Robertson 1986; McCallum 1995; Pople 1996; Pople and Grigg 1999) . Survival of drought and disease are likely to be important components of fitness in kangaroos. Manly (1985) argues that animals carrying deleterious mutations or those that are poorly adapted to the current environment for other reasons will be eliminated through viability selection. Caughley et al. (1985) considered drought and its consequent mortality to be intrinsic to kangaroo ecology. Local droughts occur almost every year and regional droughts about once every 10 years in Australia. Therefore kangaroos surviving to age ten are likely to have experienced at least one major drought. Males are socially capable of breeding after 6 years (Moss 1995; Walker 1995), although they may not breed until older. By then drought will have helped remove less viable individuals from the gene pool.
The effect of food restriction resulting from drought most likely renders large individuals less viable and provides a selective advantage for smaller kangaroos. Based on energetic requirements, the optimal body size for M. rufus is about 50 kg (McLeod 1996) . There is large phenotypic variation in the sizes of mature male M. rufus at a given age (from 50 -80+ kg), with smaller variation amongst females, within and among localities (Pople 1996) . The effect of food availability on optimal size has been studied in other species. In stoats (Mustela erminea), adult males and females born when prey was abundant were larger than those born when prey was limited (Powell and King 1997) . Lesage et al. (2001) conclude that final body size in white-tailed deer (Odocoileus virginianus) is inversely related to the level of competition for forage. It is likely that the phenotypic variation in size of M. rufus is due in part to spatial and temporal variation in food availability.
Larger kangaroos are more likely to fail viability selection during drought. Robertson (1986) found more males than females and more large males than small males in carcass surveys of M. rufus during drought, suggesting that mortality was size-related. Pople (1996) studied the age distribution of kangaroos during a drought at Currawinya NP. Data on the age distribution in the population over three years from 1991, going into a severe drought, indicate that adult males were lost in higher proportions than females.
Disease outbreaks in kangaroo populations also occur frequently. In central-western Queensland (Qld), disease epidemics among kangaroos occur at 2 -10 year intervals (Kirkpatrick 1985; Speare et al. 1989) . They are associated with heavy rain or flooding, and deaths occur over a 1 -2 week period. The studies of Clancy et al. (1990) and Speare et al. (1991) on post 1990 flood die-off in south-western Qld are interesting. A helicopter survey identified large numbers of dead kangaroos, with numbers of dead kangaroos declining and numbers of live kangaroos increasing with increasing distance from the Thomson-Barcoo-Cooper waterway. The mortality coincided with a large-scale outbreak of blackfly (Austrosimulium pestilens), and reduced the local population by two-thirds. Speare et al. (1991) suggested, based on autopsy evidence, that an arbovirus epizootic was responsible for the majority of deaths.
Another selective pressure on kangaroos is from non-human predation, principally by dogs. Thylacines (Thylacinus cynocephalus) are thought to have been a major predator on kangaroos and more recently dingoes (Canis lupus dingo)have taken this role. The dog fence follows a circuitous route from Dalby (Qld) to western South Australia. The purpose of the fence is to stop C. l. dingo from moving east, and baiting on both sides of the fence in the sheep rangelands is also used to control C. l. dingo numbers. Densities of M. rufus are lower on the outside than the inside of the fence by a factor of six (Pople et al. 2000) , reflecting the absence of predation. C. l. dingo are controlled over the entire area of eastern Australia where kangaroos are harvested. The absence of predation by C. l. dingo would certainly alter allele frequencies in kangaroo populations away from those where natural levels of predation persist. Predation by C. l. dingo provides viability selection for all adult kangaroos.
Behavioural ecology & mating success of large kangaroos
Sexual dimorphism is present in the four species of large kangaroos harvested commercially. Male size and age appear to be correlated with reproductive success (Moss 1995; Walker 1995) . Walker (1995) suggested that females prefer older, more experienced males because they are less likely to be injured during copulation, and copulation is more likely to be completed. Mating experience may therefore be a factor in female mate choice. Some males will be more likely to win fights with other males, which may be a function of fighting ability as well as size (Moss 1995) , and the largest individual may not be the winner. Walker (1995) found that larger males are more likely to achieve dominance in matings, but their dominance lasts for short periods only. The ability to range widely may also be associated with mating success (Andersson 1994), but this ability may not be related to large size or age in kangaroos, in that younger adult males appear more likely to disperse (Dawson 1995) . Genetic studies in the koala (Phascolarctus cinereus) show that mating success of adult males with large ranges is significantly higher than those with small ranges (Ellis et al. 2000 (Ellis et al. , 2002 .
Drought will also influence mating success. Younger and smaller males are likely to get more opportunities to mate after drought because there are a higher proportion of females in the population than before drought. With a pulse of ovulation in females post drought (Pople 1996) there is likely to be mating opportunities for subordinate, less experienced males (Moss 1995).
Brooks and Kemp (2001) concluded that age would be an indicator of female mate choice if age and longevity were positively correlated with fitness. Evidence for this is lacking. Hansen and Price (1995) concluded that females who mate preferentially with the oldest males do so for reasons other than to obtain offspring of high genetic quality; male parental care for example (a behaviour that has not been documented in kangaroos). Their conclusion is based on:
• probable negative genetic correlations between lateage male viability and young male and female fitness components, • a decreased covariance between fertility and fitness with age, • increased fitness of younger over older individuals because they are better adapted to current environmental conditions, • lowered fitness in older males due to the accumulation of germ-line mutations.
The process by which fitness and mate choice become genetically correlated is controversial. Kotiaho et al. (2001) argue that the genetic variance in sexual traits is largely accounted for by male condition, providing a fitness signal for female mate choice. Dominance in male kangaroos may be the result of condition as well as size, and condition may be genetically correlated with dominance. Age, as expressed in fighting experience and mating behaviour that influences female choice, must also play a role. Therefore mating success in male kangaroos may have numerous components, perhaps with size alone being of subordinate importance. A model where size, fighting ability, mating experience and condition are correlated may explain variance in mating success in kangaroos. There may not be a close correlation between size and fitness in kangaroos.
KANGAROOS AND HARVESTING
Large kangaroos live for 15 -20 years (Dawson 1995) . Male M. rufus reach sexual maturity between two and four years, weighing 20 -30 kg, and females between two and three years, weighing 15 -25 kg. Males reach 40 kg near five years of age (Dawson 1995; Pople 1996) . Onset of maturity varies with pasture condition, being delayed during drought (Dawson 1995) . Male M. fuliginosus mature at 2 -3 years, weighing about 25 kg. There is a size threshold for selection by kangaroo shooters, who generally take animals greater than 20 kg (Pople 1996 and Table 1) , so for males all the adult age classes will be subject to harvesting. 1991 (Pople 1996 . Pople (1996) examined age structure in harvested and unharvested M. rufus populations. The age structure was revealed by a random shot sample from both unharvested (Currawinya NP in south west Qld) and harvested (Blackall region in central Qld) localities. Not surprisingly, in harvested populations there are less of the older, larger animals in the sample, particularly males. Harvesting in the Blackall region is very high on particular properties, up to 50% per annum (Pople 1996) . In Table 1 the harvest on one property is proportioned into sex and age classes. The data show that shooters take a larger proportion of male than female kangaroos and a large proportion of kangaroos from the younger age classes. The reason for this is that kangaroos in the younger age classes are of adequate size to be harvested commercially and form a larger proportion of the population (as younger age classes are a larger proportion of any natural population) than older males.
Age class (years)
The age structure of the harvest shown in Table 1 is due in part to an aspect of harvesting that has important implications for the intensity of selection. Shooters will target an area that is accessible and take smaller kangaroos, any above a size threshold, rather than range widely to target only large males (Pople et al. 1998) . Selection by the shooter for large individuals is also weak on a broad geographic scale because most areas of suitable kangaroo habitat are not easily accessible. So the intensity of selection against large body size is weak because large males are not targeted specifically.
The commercial harvest of all species of kangaroos is patchy and depends primarily on access, with shooters frequenting particular localities that are not necessarily localities of high kangaroo density. If the geographic ranges of genetic populations are larger than the harvest areas, then harvesting within the range of a genetic population will be patchy. One might expect immigration into the harvest locality from adjacent unharvested areas where the genetics and age structure has not been impacted by harvesting. Pople (1996) noted large males among M. rufus at Idalia NP near Blackall (Qld) within two years of cessation of long-term intensive harvesting (following the declaration of the NP). It is likely that they were immigrants. The age structure in this population returned to normal values after cessation of intensive harvesting in about one generation or six years (Pople 1996) . The patchy nature of the harvest is evident in harvest distribution maps for M. rufus, M. robustus and M. giganteus (e.g., Pople et al. 1998) . Comparing the harvest density estimates to the population density estimates obtained from aerial surveys for these species (Caughley and Grigg 1982) , it is evident that areas of high kangaroo density are often harvested at very low rates.
The age structure of a population of kangaroos will have large variance due to the environmental fluctuations characterising the Australian climate (Pople and Grigg 1999) , causing pulses of recruitment. The effect will be to reduce the intensity of selection from harvesting when age classes are overlapping. Climate fluctuations will result in populations that are far from any selective equilibrium, with large variances in traits, and an optimal body size for males that is less than that of the larger males in the population.
The proportion of the population harvested is also a factor in selection intensity. The annual commercial quotas for all four species of kangaroos are set by the States at about 10-20% of the population, estimated from aerial surveys. For example, in Qld during the early 1990's there were 3 -5 million M. rufus and the quota 500,000 -600,000. The highest harvest densities (> 5 km -2 ) occur in the Blackall region (Pople et al. 1998) . During that time, the Qld population of M. giganteus was estimated at 5 -10 million and the quota 0.8 -1.5 million, with highest harvest densities in the Roma / St George / Charleville region (Pople et al. 1998) . M. robustus are harvested at low densities (0.01 -1 km -2 ) except in the Blackall region. In the early 1990's, the Qld population was estimated at 1 -2 million and the quota was about 200,000 (Pople et al. 1998) . Helicopter surveys, conducted with parallel ground surveys (that give the most accurate population estimate) reveal that corrected population estimates for M. robustus from aerial surveys are still underestimates (Clancy et al. 1997) . The proportions of populations harvested are therefore small.
M. rufus exhibit the greatest mobility of the kangaroos. Croft (1991a) identified movements of more than 100 km in a study lasting 2.5 years. The home ranges of euros (M. robustus erubescens) in the same locality were smaller and at a higher elevation than those of M. rufus. Estimates of home range vary widely. Croft (1991a) found a relation between grass cover and home range area for M. rufus, where the range increased when cover was low and decreased when it was high. Newsome (1967) identified M. rufus moving in the direction of distant storms when local conditions were poor. Caughley (1964) and Frith (1964) found M. rufus to be distributed in small socially unstructured groups according to grass cover. Denny (1985) and Oliver (1986) suggested that dispersal is by younger males and estimated that 10 -20% of a population may exhibit high mobility, with individuals moving from 1 -13 km per month. Edwards et al. (1994) found the more mobile members of a population of M. rufus to be younger males (up to 10 years) and females, with older males and females being more sedentary. Norbury et al. (1994) found adult male M. rufus to be more mobile during drought, females to be more sedentary, and subadult males to disperse regardless of environmental conditions. These findings suggest that home ranges of M. rufus can be large, and that males, especially younger males, are likely to disperse widely.
GENETIC POPULATION STRUCTURE
Population genetic analyses afford insights into spatial patterns of gene flow within species. For M. rufus, M. r. erubescens and M. r. robustus (eastern wallaroo) nuclear DNA (n-DNA) analysis was used to analyse population genetic structure (Hale et al. in prep. and unpubl. data) because it is inherited through both parents, whereas mitochondrial DNA (mtDNA) is inherited through females only. Use of n-DNA permits conclusions about genetic population structure and gene diversity resulting from selection on and dispersal by both sexes.
For M. rufus, gene diversity and population structure were estimated from analysis of both protein allozymes and microsatellite n-DNA loci. Allozymes typically have low allelic polymorphism and low heterozygosity, the result presumably of low mutation rates at the genetic loci coding for the proteins. At microsatellite loci, allelic polymorphism and therefore heterozygosity are typically higher because the mutation rate is higher. With higher polymorphism it is possible to reveal population structure with more certainty through tests for allele frequency and heterozygosity differences among localities. Expected heterozygosity was used as a measure of gene diversity for both allozyme and microsatellite data. Fst was used to estimate population differentiation from allozyme data and URst (Goodman 1997) was used to estimate population differentiation from microsatellite data.
Fst was used to estimate population differentiation using the allozyme data (see Hartl and Clark 1989) . F-Statistics are based on the infinite alleles model of mutation (IAM, Kimura and Crow 1964) , with the assumptions that the mutation rate is so low that it can be ignored as a contributing factor in population differentiation, and that a new mutation erases any memory of the prior allelic state. For microsatellite loci the assumptions of the IAM do not hold because the mutation rate at microsatellite loci is higher typically. Statistics developed to analyse population structure using microsatellite data are based on a stepwise mutation model (SMM, Ohta and Kimura 1973), and Rst (Valdes et al. 1993 , Slatkin 1995 is the fraction of the variance in allele size between populations. The unbiased Rst (U-Rst) of Goodman (1997) corrects for bias resulting from differences in population size and standardises data for the magnitude of the variance in allele size between loci. Estimates of population differentiation from microsatellite genotypes using U-Rst seem to be more reliable than those using Fst or other methods (Valsecchi et al. 1997) . The number of effective migrants (Nm) was calculated from U-Rst estimates using Slatkin's (1993) equation.
Expected heterozygosity under Hardy-Weinberg (H-W) proportions (i.e., the heterozygosity expected in a population under random mating) rather than allelic diversity is used to estimate gene diversity in populations (see Nei 1987, Nei and Kumar 2000) . Using allelic diversity (number of alleles per locus) to estimate gene diversity has the problem that the number of alleles is dependent on sample size. Loss of alleles, perhaps as a result of intensive harvesting, will not be reflected much by loss of rare alleles. However, if a population were depleted of genetic diversity then one would expect a significant loss of heterozygosity (Nei 1987) .
M. rufus
In the allozyme analysis genetic population structure was tested among six localities (all those in Fig. 1 except Western Australia) and nine genetic loci were analysed. Genotype frequencies at each locality were in H-W equilibrium, showing random mating within each locality (Hartl and Clark 1989) . The Fst analysis showed Mulyungarie to be significantly differentiated from each of the other five localities (Fig. 1) , none of which were differentiated from each other. For the microsatelite analysis four genetic loci were analysed and all seven localities shown in Fig. 1 were compared. Genotypes at each locality were in H-W equilibrium. The U-Rst analysis showed no significant differentiation between any of the localities analysed. The number of reproducing migrants per generation (Nm), calculated from the URst estimates, could only be calculated for four of the 15 pair-wise comparisons (Nm's of 16, 19, 58, 68) . For the remaining 11 pair-wise comparisons the variance in allele size within populations was greater than the variance between populations, indicating larger amounts of migration, but an estimate of Nm could not be calculated (Goodman 1997).
It is interesting that Mulyungarie alone was differentiated from the other five populations in the allozyme analysis. Although significant, the effect size is small (mean pairwise Fst = 0.052) and could be due to a weak selective effect at one or more of the allozyme loci used in the study. The lack of significant differentiation in the other pair-wise comparisons, particularly Julia Creek -Bulgunnia (Fig. 1) , the largest distance analysed, suggests that the result for Mulyungarie is anomalous for population structure.
Based on results for genetic population structure, movement of M. rufus appears sufficiently high to maintain panmixia (free genetic interchange) among all localities tested. Where populations are large, a small number of reproducing migrants is sufficient to overcome loss of allelic diversity through genetic drift (Lacy 1987; Hartl and Clark 1989) . The geographic range of genetic populations of M. rufus appears to encompass the entire species range. The conclusion is that harvest localities are a small subset of the genetic population range, and any locality under selection through harvesting can be considered open. The effect of this is that the intensity of selection on any area under harvest will be reduced through migration from adjacent areas. A study of population structure in M. rufus using mtDNA, which is inherited through females and indicates the genetic history of female lineages, reveals weak population structuring on a continental scale, perhaps reflecting the more sedentary nature of female M. rufus compared to males (Clegg et al. 1998) . The geographic scale of this structuring is still many times larger than the scale of localities that are harvested.
M. robustus
Genetic population structure was compared amongst nine localities throughout Australia (Fig. 2) . Genotype frequencies at each of the nine localities were in H-W equilibrium. Thirty-six pair-wise U-Rst estimates of genetic differentiation ranged in value from 0 to 0.472. U-Rst values for comparisons Jericho-Winton and Thargominda -Winton (Fig. 2) were not significantly different to zero at P < 0.05, while Jericho-Thargominda was barely significant at this level with the Bonferroni sequential correction applied. These three localities are within the range of M. r. erubescens (Richardson and Sharman 1976) . All other pair-wise U-Rst values were significantly different to zero, indicative of genetic population structuring. Nm values, calculated from the U-Rst estimates, ranged from 0.14 to 1.9 for those comparisons for which U-Rst estimates differed significantly from zero, while Jericho-Winton was 5.1, Jericho-Thargominda 2.6 and ThargomindaWinton could not be estimated because allele size variation within was greater than variance between the populations (Goodman 1997). The absence of genetic differentiation between Thargominda, Winton and Jericho (Fig. 2) suggests that the three localities are part of a single genetic population. The geographic ranges of genetic populations in this region would not exceed 200,000 km 2 . The same type of analysis gives a very different picture of population structure for M. rufus and M. robustus. These results are consistent with the home range data of Croft (1991a) for M. rufus and Croft (1991b) for M. robustus in the same locality, where M. rufus were found to have larger home ranges than M. robustus.
M. giganteus and M. fuliginosus
Studies in grey kangaroos show that dispersal distances and home ranges lie between those of M. rufus and M. robustus (Dawson 1995) . Pending a population genetic analysis, it is reasonable to predict that the geographic ranges for genetic populations for grey kangaroos would be somewhere between those for M. rufus (very large) and M. robustus (small).
GENE DIVERSITY
Gene diversity at n-DNA allozyme and microsatellite loci should reflect gene diversity elsewhere in the genome. To test for an effect of harvesting, gene diversity was estimated directly and compared among populations of M. rufus and M. robustus harvested at different localities and at different rates.
M. rufus
Gene diversity was estimated in M. rufus at four microsatellite loci. Standardised gene diversity estimates for populations at each of nine localities are shown in Fig. 3 . Heavily harvested localities were near Blackall and Charleville in Qld (harvest rates of > 30%, Pople 1996) , with lightly harvested localities at Mulyungarie and Bulgunnia in South Australia and at Julia Creek in Qld (10 -20%, Pople 1996) , and an unharvested locality at Currawinya NP in southwestern Qld (Pople 1996) . There is large variation in gene diversity among populations with no obvious trend when heavily harvested and lightly or unharvested populations were compared. When a combined gene diversity estimate from heavily harvested populations in Qld (AM, BC, BT, CV in Fig. 3 ) was compared to that from a lightly harvested (JC in Fig. 3 ) and an unharvested population (CU in Fig. 3 ) there was no significant difference in gene diversity between the two groups (Mann -Whitney U-test, P = 0.76).
M. robustus
Harvesting is generally less intense than for M. rufus because habitat is less accessible. Gene diversity was estimated at seven microsatellite loci among four localities within the range of M. r. erubescens (Fig. 2 , Richardson and Sharman 1976) . The moderately harvested locality tested was near Jericho in Qld, the lightly harvested localities near Cloncurry and Thargomindah, and an unharvested locality at Bladensberg NP near Winton in Qld (Fig. 2) . There was no significant difference in standardised gene diversity between Winton and Jericho (MannWhitney U-test, P = 0.38) or between Winton and the three harvested localities combined (Mann -Whitney U-test, P = 0.68).
In computer simulations the impact of small population size on gene diversity becomes evident at very small effective population sizes. Lacy (1987) simulated gene diversity in a 2-allele system to model the competing effects of population size, immigration and mutation in small populations over time. In a population of only 500 breeding individuals, 90% of gene diversity was retained after 100 generations while 60% was retained in a population of 120 breeding individuals over the same interval, without immigration. Lacy (1987) found that immigration was a key factor in maintaining gene diversity in small populations. The number of breeding immigrants necessary to maintain 100% of gene diversity in a population of 120 breeding individuals, for a model genetic system under balancing selection (where gene diversity would normally be lost rapidly through random genetic drift), was five per generation. Genetic populations of kangaroos are very large, with negligible loss of alleles through random genetic drift. Any changes in allele frequencies at particular localities as a result of selective harvesting would be offset by immigration from unharvested areas.
CONCLUSIONS
Any effect of harvesting on fitness in kangaroos will depend on the heritability of fitness traits and the intensity of selection for those traits. The heritability of fitness traits is low generally because they are correlated traits, controlled by several gene loci, where alleles are likely to be under balancing selection. Allele frequencies will change slowly, even under intense selection. Heritability of size in red kangaroos appears to have a large phenotypic component, suggesting that genetic heritability for size is low.
Overall, fitness in large adult males is unlikely to be greater than in smaller males because all males will have been subject to viability selection, for example through drought, disease and predation, by the time they are old enough to breed. Kangaroo populations are not at selective equilibrium due to consequences of the variable climate, so the fittest phenotype is likely to vary among generations, and overall is unlikely to be the largest males because the energetic optimum for kangaroos is closer to the body size for smaller males. Matings with older (larger) males are unlikely to confer significant fitness benefits on offspring. Large males are unlikely to dominate matings because size is only one component of mating success, and pulses of ovulation after drought provide opportunities for smaller males to breed.
The intensity of selection against large kangaroos is low. Shooters do not target the largest individuals specifically. The harvest selects for individuals above a threshold body size that roughly corresponds to the onset of sexual maturity in males. The intensity of selection against fitness traits is lower because these traits are expressed in both sexes while there is a male bias in the harvest.
Harvested localities can be considered open rather than closed for gene flow, so that any change in allele frequencies in harvested localities will be offset by immigration from adjacent, unharvested areas. Gene diversity, as a measure of adaptive genotypes or evolutionary potential, is unlikely to be affected by harvesting. The harvest is a small proportion of the population and not sufficient to result in loss of alleles from the population. Immigration from adjacent unharvested areas will balance any change in allele frequencies in harvested areas. It is concluded that harvesting will not affect fitness or evolutionary potential in kangaroos permanently or in the long term, and the risks of effects are negligible.
